Background: No studies have estimated the population-level burden of morbidity in individuals diagnosed with cancer as children (ages 0-19 years). We updated prevalence estimates of childhood cancer survivors as of 2011 and burden of morbidity in this population reflected by chronic conditions, neurocognitive dysfunction, compromised health-related quality of life, and health status (general health, mental health, functional impairment, functional limitations, pain, and fear/anxiety).
Introduction
Estimates of the overall 5-year survival rates for childhood cancers have steadily increased since the 1970s and are currently over 80% (1) . Although increased survival rates are promising, the low specificity of curative treatments for childhood cancer often results in long-term and late effects due to their impact on normal healthy tissues (2) . Thus, survivors of childhood cancer are at an increased risk of adverse health and quality of life outcomes compared with individuals without a cancer history (3) . These include increased number and severity of chronic health conditions (4, 5) , health limitations (6, 7), hospitalizations (8, 9) , premature frailty (10), psychologic distress (11), neurocognitive dysfunction (11, 12) , and reduced productivity (i.e., inability to work or limitation in amount/kind or work) due to health problems (6) . Adult survivors of childhood cancers also report poorer overall health (6, 13) and physical health-related quality of life (HRQOL; ref. 11) . Prevalence for most of these adverse outcomes is estimated from individual cohort studies with less known about the burden of morbidity in childhood cancer survivors at the population level. As the number of survivors is expected to continue to increase due to increased incidence (14) and advances in lifesaving treatments, defining the public health and healthcare implications of childhood cancer survivors is an important next step.
Although no U.S. population-based study of childhood cancer survivors exists, the Childhood Cancer Survivor Study (CCSS) provides rich, high-quality data on a range of potential adverse and late effects of cancer treatment (15) (16) (17) . CCSS is a large, geographically, and socioeconomically diverse, retrospectively established cohort study that prospectively follows health and disease outcomes in individuals from 26 North American pediatric cancer hospitals who were diagnosed with cancer during childhood or adolescence and survived at least 5 years. Using statistical models, data relevant to morbidity can be extrapolated from CSSS and applied to population-level survivorship prevalence data from the Surveillance Epidemiology and End Results (SEER) program, a collection of population-based registries of cancer incidence and survival in the United States (http://seer. cancer.gov). Combining CCSS and SEER data can provide an estimation of the population-level burden of morbidity in absolute numbers of affected childhood cancer survivors rather than relying only on CCSS data.
The purpose of the present study is 2-fold: (i) to update previously published (16) prevalence estimates of childhood cancer survivors in the United States through 2011 using SEER and (ii) to estimate the burden of morbidity among !5-year survivors of childhood cancer in the United States.
Materials and Methods
Data sources SEER data. SEER (18) data on incidence and survival from cancers diagnosed in individuals 19 years of age from 1975 to 2011 in 9 SEER registries including the states of Connecticut, Hawaii, Iowa, New Mexico, and Utah and the metropolitan areas of Atlanta, Detroit, San Francisco-Oakland, and Seattle/Puget Sound were used to estimate prevalence. These registries represent approximately 10% of the U.S. population. Cancer sites considered for prevalence estimates are those identified by the International Classification for Childhood Cancer ICD-O3 codes consistent with other publications using these data (19, 20) . To match CCSS and SEER data, cancer sites were restricted to those in the CCSS study: leukemia, brain and central nervous system tumors, Hodgkin lymphoma, non-Hodgkin lymphoma, renal tumors, neuroblastoma, soft tissue, and bone tumors. CCSS brain tumors that were either germ cells or benign/borderline were excluded from CCSS data to better align with the SEER histology data. We used population estimates from the U.S. Census Bureau in the SEER Ã -stat software (21) .
CCSS burden of morbidity data. The CCSS cohort includes over 14,000 long-term survivors of childhood cancer diagnosed between 1970 and 1986. Since enrollment in 1994 to 1998, participants have been periodically surveyed to track health outcomes, healthcare use patterns, and health behaviors and practices. The CCSS cohort study design and methodology have been previously described (15) (16) (17) . The prevalence of factors contributing to the morbidity burden in survivors of childhood cancer 5 or more years following diagnosis was estimated using selfreported CCSS cohort data. These factors include chronic health conditions, neurocognitive functioning, HRQOL, and health status indicators. Table 1 summarizes the measures, cutoff values, and assessment time points used to estimate morbidity burden in the present study. For the purposes of this study, only CCSS survivors diagnosed between 1970 and 1986, who were ages 0 to 19 at diagnosis, were included to provide as similar a population to that in SEER as possible. Survivors with germ cell tumors (n ¼ 62) were excluded because these tumor types were only captured for central nervous system patients and brain in the CCSS cohort. Survivors with benign or borderline brain and central nervous system tumors were also removed (n ¼ 35) because these data were not incorporated into SEER until 2004.
Data analyses
Prevalence of childhood cancer survivors. Data on incidence and survival from 1975 to 2011 from the SEER registries were used to update prevalence estimates of childhood cancer survivors by anatomic sites and all cancer sites, combined, in the United States through January 1, 2011. The number of people in the United States alive in 2011 and diagnosed with cancer between ages 0 and 19 years was calculated in 3 steps. First, the proportion of survivors alive in the SEER-9 areas diagnosed with childhood cancer at ages 0 to 19 years between the years 1975 and 2011 was calculated by cancer site, sex, race (white, black, other; where unknown race was grouped with white race), and age using the SEER Ã Stat software (21) and the counting method (22) . Second, to estimate complete U.S. childhood cancer survivor prevalence, the site/sex/race/age-specific SEER cancer prevalence proportions were multiplied by the respective U.S. sex/race/age-specific populations. To obtain overall prevalence, these categories were summed. Third, complete prevalence of childhood cancer, which includes childhood cancers diagnosed before 1975 (i.e., with !36 years from prevalence date), was calculated using the CHILDPREV method (16, 23) . Briefly, this method estimates the long-term childhood cancer survivors, diagnosed before 1975, using age and period parametric cancer site/sex-specific incidence and survival models fitted to SEER data. Prevalence was examined by sex, age at prevalence estimate (0-19, 20-29, 30-39, 40-49, 50-59, and !60 years), and cancer type (leukemia, acute lymphocytic leukemia, acute myelogenous leukemia, Hodgkin lymphoma, non-Hodgkin lymphoma, brain/ central nervous system, neuroblastoma and other peripheral nervous cell tumor, renal tumors, malignant bone tumors, osteosarcoma, Ewing tumor and related sarcomas of bone, soft tissue and other extraosseous sarcomas, germ cell and trophoblastic tumors, and neoplasms of gonads).
Representativeness of CCSS.
To ensure that the CCSS data were representative of the larger U.S. population of childhood cancer survivors, prevalence of all cancers by age at diagnosis (0-4, 5-9, 10-14, and 15-19 years), sex and race (white/unknown, black or other), and each cancer type listed, above, were calculated and compared for the SEER population-based and CCSS samples.
Burden of morbidity. To estimate the burden of morbidity of U.S. childhood cancer survivors, data on chronic conditions, neurocognitive dysfunction, HRQOL, and health status indicators were extrapolated from CCSS to U.S. prevalence data. Some adjustments were made to combine morbidity proportions from CCSS and SEER prevalence data to reflect the CCSS sample: (i) prevalence estimates were restricted to people who survived !5 years; (ii) complete prevalence up to 36 years duration was used instead of complete prevalence because this was the maximum length of follow-up for CCSS data; and (ii) only cancers considered in CCSS were included.
We used a logistic regression model to estimate prevalence of morbidities as the proportion of subjects who had experienced the binary outcome of interest as of a specified postdiagnosis period (or age). At-risk subjects were classified into prevalent cases versus noncases at each interval using reported age at onset (chronic conditions, assessed retrospectively) or age at assessment time point (all other variables). Given the follow-up time frame for the CCSS cohort, we were only able to estimate the burden of morbidity indicators up to 36 years after diagnosis for survivors 5 to 49 years of age. Binary outcome variables examined included presence of (a) any (grades 1-4) chronic conditions; (b) any grade 1 (mild) or grade 2 (moderate), and any grade 3 (severe) or grade 4 (life-threatening or disabling) chronic conditions; (c) multiple (!2 and !3) grade 3 or 4 chronic conditions (4); (d) neurocognitive dysfunction; (e) compromised mental or physical HRQOL; and (f) moderate to extreme impairments in health status indicators (24), including general health, mental health, functional status, functional limitations, pain, and anxiety/fear. Chronic conditions were assessed at multiple time points. Thus, a participant could contribute observations in more than one follow-up/age period. Survivors with the onset of the condition before a given time period were assumed to have the condition in subsequent periods. The remainder of the health outcomes were obtained from one or more questionnaire time points (see Table 1 ) and were evaluated at the time points after diagnosis at which they were assessed. If a survivor completed two questionnaires within the same age or time since diagnosis interval, data from the later questionnaire were used. Table 1 provides detailed information on the number of unique cases and number of records used in analyses for each morbidity indicator. As chronic conditions were the most frequently assessed morbidity indicator, the sample and record size was largest for these outcomes. Because the remaining morbidity outcomes were obtained at varying frequencies, the denominators for these outcomes differ. Estimates for health status indicators do not include the 5-to 19-year age group because the Brief Symptom Inventory (BSI) assessment was limited to those subjects !18 years of age. Neurocognitive functioning and HRQOL were only assessed at 2003 follow-up when all survivors were !14 years after diagnosis. Consequently, estimates for these factors were limited to survivors 15 to 36 years after diagnosis.
Logistic regression models were fit for each binary outcome, incorporating years after diagnosis and age at that observation time, controlling for impact of sex, as needed. Because most individuals contributed multiple records to the analysis via the multiple time point scenario developed for the morbidity indicators assessed at multiple time points, the analysis utilized generalized linear models, with generalized estimating equations and robust sandwich variance estimates to account for intraperson correlation (25) . Predicted probability estimates from the models provided estimates of the prevalence of morbidity indicators, along with associated confidence intervals and P values for comparisons between groups defined by covariate levels. Once final models were obtained for U.S. cancer prevalence and CCSS morbidity prevalence, combined estimates of the burden of morbidity after cancer for this subset of the U.S. population were obtained by multiplying the CCSS morbidity prevalence by the relevant number of SEER cancer survivors within the equivalent age/follow-up periods.
Results

SEER prevalence estimates
A total of 388,501 survivors of childhood cancer are estimated to be alive in the United States as of January 1, 2011 (Table 2) . Of these, 83.5% had survived !5 years since their original diagnosis and 44.9% had survived !20 years. The cancer sites with the largest number of survivors were leukemia (75,677), brain (60,540), germ cell and trophoblastic tumors and neoplasms of gonads (38, 439) , and renal tumors (23, 990) . The proportion of long-term (!20 years) survivors varied by cancer site. Sites with the largest proportions of longer-term survivors were as follows: germ cell, trophoblastic tumors, and neoplasms of gonads (58%); renal (58%); soft tissues (57%); and Hodgkin lymphoma (48%). Acute lymphocytic leukemia was the site with the smallest proportion of long-term survivors with only 23% surviving !20 years. Childhood cancer survivors !60 years represented 5% of all childhood cancer survivors. Germ cell, trophoblastic tumors and neoplasms of gonads (17.7%), and soft tissues (14.6%) cancer sites had the largest proportion of survivors !60 years of age.
Representativeness of CCSS
CCSS participants were similar in terms of age at diagnosis, gender, race, and cancer type by time interval since diagnosis (see Table 3 ) to those reported in SEER, indicating CCSS was representative of the larger U.S. population of childhood cancer survivors to which the burden of morbidity data were extrapolated. Table 4 displays estimates of the number of prevalent cases for each morbidity indicator by age and time since diagnosis.
Estimated burden of morbidity
Chronic conditions. Approximately 70% of childhood cancer survivors were estimated to have a grade 1 or 2 (mild/moderate) chronic condition, and about one third (32%) were estimated to have a grade 3 or 4 (severe, disabling, or life-threatening) chronic condition. An estimated two thirds (68%) of childhood cancer survivors had any chronic condition 5 to 14 years after diagnosis with this number increasing to 77% and 85% at 15 to 24 and 25 to 36 years after diagnosis, respectively. Two thirds (66%) of childhood cancer survivors ages 5 to 19 years were projected to have any chronic condition (grades 1-4; see Fig. 1 ). This proportion increased with increasing age to 88% at ages 40 to 49 years (see Fig. 1 ), reflecting the consistent increase in the proportion of survivors with a grade 3 or 4 condition across age categories. Almost half (48%) of those ages 40 to 49 had a grade 3 or 4 chronic condition. An estimated 11% of survivors had two or more grade 3 or 4 conditions, over half of which (55%) occur in those ages 30 to 49. Finally, an estimated 4% of childhood cancer survivors had three or more grade 3 or 4 chronic conditions with just over half (57%) observed in those ages 30 to 49.
Grade 1 or 2 condition prevalence estimates were similar for males and females across age categories ranging from 38% to 44% (see Fig. 1 ). Grade 3 and 4 conditions increased for both males and females with increasing age, but the proportion of women in each age category was higher (P value < 0.001).
Neurocognitive functioning. An estimated 35% of childhood cancer survivors ages 20 to 49 had neurocognitive dysfunction. The estimated number of prevalent cases decreased by age category ranging from 40% to 33% (see Fig. 2 ) and was stable by time since diagnosis (36% and 35% at 15-24 and 25-36 years after diagnosis, respectively).
(14%), impaired mental health (17%), pain (12%), and anxiety/ fear (13%) were similar for childhood cancer survivors ages 20 to 49 years. The proportion of prevalent cases for impaired overall health status, activity limitations, and pain increased by age ranging from 11% to 17%, 12% to 21%, and 10% to 15%, respectively (see Fig.  2 ). Impaired overall health status and pain remained stable by time since diagnosis while activity limitation remained stable up to 24 years after diagnosis and then declined at 25 to 36 years after diagnosis (12% vs. 18%). Impaired mental health and anxiety estimates remained stable by age and time since diagnosis. Finally, functional impairment prevalence estimates remained stable for survivors <40 years of age (13%) and increased for those 40 to 49 years (17%), and increased by time since diagnosis interval from 11% to 16%.
Discussion
It is estimated that there were 388,501 childhood cancer survivors alive in the United States as of January 1, 2011, an increase of 59,849 from the previous (2005) estimate (20) . Findings of this analysis indicate that 83.5% of those diagnosed with childhood cancer survived !5 years after their cancer diagnosis, with almost 45% surviving !20 years. Moreover, 5% of childhood cancer survivors were !60 years of age. The increased prevalence of childhood cancer survivors through 2011 reflects ongoing treatment successes for a variety of childhood cancers. Moreover, by applying rates for selected adverse outcomes obtained from the CCSS cohort, we present the first population-level estimates of the number of survivors experiencing morbidity. Our results further define the magnitude of the health challenges faced by childhood cancer survivors. Over two thirds of survivors exhibited at least one chronic health condition 5 to 14 years after diagnosis with almost half of survivors ages 40 to 49 years estimated to have a severe or life-threatening chronic condition. Following a similar trajectory, though with lower prevalence, population estimates suggest a significant plurality of childhood cancer survivors experiencing compromised physical HRQOL, poor or fair overall health, functional impairments, activity limitation, and pain. In contrast, emotional distress and anxiety prevalence remained relatively stable by age and time since diagnosis, whereas mental HRQOL and neurocognitive dysfunction demonstrated somewhat lower prevalence by age. From these projected trends, we begin to see the burden of morbidity faced by these survivors generally increased as they age and move further from time of diagnosis, a trend recently described by the CCSS (26) .
Implications of findings
Harkening back to earlier warnings (27) , a clear message emerges from these findings: a singular focus on curing cancer yields an incomplete picture of childhood cancer survivorship. The burden of chronic conditions in this population is profound, both in occurrence and severity. Because of their young age at diagnosis and their longevity, the consequences of these morbidities have implications for both survivors and the healthcare system. Survivors are likely challenged by the demand of managing multiple chronic conditions and the resulting limitations in their daily life, especially in the context of potential lack of awareness of their long-term health risks (28) . These limitations in physical, cognitive, and mental functioning can disrupt typical development of personal relationships, education, and occupation, establishing independence, and negotiating family demands. Facing typical developmental milestones in the context of managing multiple morbidities is a challenge for which limited personal and healthcare system resource and support may exist. Childhood cancer survivors may also face challenges in their interactions with the healthcare system (3) as they may represent high service users requiring the management of multiple teams of specialists, appointments, medication regimens, and financial outlays. Typical population guidelines for preventive behaviors such as cancer screening may not apply to this group (29) , further complicating clinical pathways of care. Moreover, the complex morbidity in these survivors challenges healthcare system communication, cost, and care coordination processes.
Given the emerging picture of significant chronic condition burden for these childhood cancer survivors occurring within the context of functional and cognitive limitations as well as psychosocial distress for a significant subset, the resulting challenges form the basis of key directions for suggested research.
Susceptibility to multiple chronic conditions. Essential to improving our understanding of morbidity susceptibility is the question: what factors are associated with increased susceptibility? This question calls for examination from multiple perspectives in addition to oncology, including genomics, personalized medicine, treatment regimen-specific toxicities, behavioral medicine, psychology, cardiology, and endocrinology. A related question is the extent and mechanisms by which cancer treatments interact with the natural aging process. Although the high morbidity prevalence suggests childhood survivors' functional age may be older than their chronological age suggests (3), elucidating potential mechanisms underlying these processes is an important next step. In addition, further explication of morbidity trajectories, and determinants of these trajectories, is necessary. However, it is important to move beyond the description of a single chronic comorbidity (e.g., cardiac), and construct a picture of parallel and interactive trajectories, given our findings suggest that older Broadening the scope beyond chronic conditions to include other morbidity indicators (i.e., HRQOL, health status, and neurocognitive functioning), the question of susceptibility remains vital. What biomarkers or mechanistic processes are associated with decrements in cognitive functioning and health status? What are the susceptibilities for the consistent subset of patients experiencing impaired mental health? How do physical and psychologic factors interact to influence morbidity burden? Answering these questions could result in improved care via risk stratification and intervention development, but will require detailed longitudinal assessments to understand the pathophysiology of outcome-specific conditions. Prevention of chronic diseases morbidity. Our data illustrate an increased prevalence of poor health status including functional impairment and activity limitations in those ages 40 to 49 years. Approaches focused on preventing and ameliorating this health trajectory are essential. For example, physical activity, weight management, social support, and cognitive stimulation have been shown to be key components of healthy aging across disease prevention and management, cognition, and quality of life domains (30) . Understanding the role of these factors in the prevention and trajectories of development of morbidity in childhood cancer survivors is essential. Current childhood cancer survivor screening guidelines recommend screening for second cancer and chronic conditions (29) . However, these guidelines will need to be updated as cancer survivors age and could be expanded to include the additional endpoints explored in this study. Lastly, multiple studies have cited age-associated declines in cognitive abilities as a concern in the general population (31) . Because approximately one third of childhood cancer survivors !15 years beyond diagnosis are estimated to experience Care coordination. Childhood cancer survivors need comprehensive follow-up care to address their complex healthcare needs (32, 33) . Their needs do not end with cancer treatment. The burden of managing multiple chronic conditions and the accompanying need to coordinate care between multiple professionals and care teams becomes even more complicated for childhood cancer survivors and the healthcare system with the added need for incorporation of risk-based survivorship care. The emerging focus on survivorship care planning is in direct response to growing appreciation of the multiple chronic and late effects of cancer experienced by both childhood and adult cancer survivor populations and their care coordination needs (34) (35) (36) . Much emphasis has been placed on documentation of treatments and toxicities, the transmission of screening schedules, and information on health behaviors. Although documentation of this information is important, it is imperative to move to more active survivorship care planning and coordination to simultaneously address the prevalence of chronic conditions, impairments, and limitations presented here, and the dynamic, complex active prevention, and treatment necessary for childhood cancer survivors.
Rehabilitation model focused on integrated care. Determining the most effective and efficient clinical models of care for this population is an important next step (3, 37) . Conceptualizing survivorship care through a rehabilitation model focused on optimization of function and quality of life and the coordination of complex care (38) offers rich opportunities for determining how best to address morbidity burden across the childhood cancer survivorship trajectory, especially since the significant chronic condition burden may be further complicated by compromised mental health and physical and cognitive dysfunction. Future research is needed to determine the feasibility and efficacy of this approach to address childhood cancer survivors' needs.
Limitations
Although study strengths include the use of multiple indicators of morbidity burden and extrapolation of these data to obtain population-level prevalence estimates, it is not without limitations. First, because the granularity and reliability of SEER data are limited in terms of secondary treatment and specific treatment agents and dosages, we were not able to directly link our findings to treatment data. Thus, we assumed treatment for childhood cancers was similar for the 1970 to 1986 CCSS treatment era as for the 1975 to 2005 diagnosis era used for SEER and are unable to comment on how these outcomes may differ based on treatment received. Most of our morbidity burden measures were based on self-report and thus are subject to possible under-and overreporting. Our estimates of morbidity prevalence included only those who survived a minimum of 5 years and a maximum of 36 years and do not represent all childhood survivors. Future research is warranted to explore these relationships further by treatment and varying times since diagnosis to obtain a richer, more accurate picture of the burden of morbidity in this population and provide further insight into how morbidity may be prevented or delayed.
Conclusions and Impact
The estimated prevalence of childhood cancer survivors is increasing, as is the estimated morbidity prevalence in those !5 years beyond diagnosis. Taken together, these data paint a picture of a population experiencing co-occurring treatment benefits and morbidity. These findings call for future research focused not only on decreasing the morbidity burden, but also incorporating effective clinical models of care coordination and rehabilitation to reduce morbidity burden and optimize childhood cancer survivors' HRQOL, physical and neurocognitive functioning, and mental health. 
